Hexokinase and glucose-6-phosphate dehydrogenase, co-immobilized at the inner wall of plastic tubing, were used with continuous-flow analyzers to measure serum glucose. The performance of the enzyme-Containing coils meets thehydraulic requirements of the continuous-flow instruments, and the average carryover does not exceed 2.2%. A glucose concentration change of 1 g/L yields a 0.08 change in absorbance. There is no significant deviation from linearity for glucose concentrations up to 5 gIL. The method is similar to the Reference Method proposed by the Food and Drug Administration, and results by the two methods agree and correlate well (r = 0.999). The operational stability of the enzyme tubes is sufficient to allow the analysis of at least 10 000 serum samples. We investigated in detail the effect of reagent concentrations and temperature on the performance of the enzyme coils, and the results shed light on the nature of the heterogeneous dual-enzymic reaction.
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Because purified enzymes are now available, simple and highly specific methods have been developed for the quantitative determination of glucose in blood. In one of the enzymic glucose assay methods (1) , hexokinase (HK; EC 2.7.1.1) and glucose-6-phosphate dehydrogenase (G-6-PDH; EC 1. The method has been used as the National Reference Method (2, 5) but the high cost of the enzymes limits its widespread use in clinical laboratories. Recent developments (8, 9) have made it possible to immobilize the two enzymes on the inner wall of narrow-bore tubes, which are then incorporated into continuous-flow analyzers (10, 11) . Such co-immobilization of HK and G-6-PDH yields enzymic reactors for use in both the SMAC and the SMA 12/60 automated analyzers, so that serum glucose can be measured without using any enzymic reagent solutions. Enzyme-coated tubes for continuous-flow analysis were first described several years ago (12, 14) , but their performance was not adequate for use with high-speed biochemical analyzers such as SMA and SMAC, which yield steady-state output values at sampling rates of 60 and 150 per hour, respectively.
A later approach to the design of enzyme tubes (15) (16) (17) was more successful, because of the attention paid to the interplay between reaction and mass transfer in such enzymic "wall reactors" operated with segmented flow. The preparation of the enzyme coils described here is based on the results of these studies. The coils have high enzyme activity per unit length, so that relatively short tubes yield high conversion. Careful adjustment of the composition, porosity, and thickness of the enzyme layer allows preparation of HK/G-6-PDH coils 25 to 30 cm long that are sufficiently active for use with continuous-flow analyzers.
Sample interaction is quite small in such short tubes, so that they do not noticeably affect the wash characteristics of the system. Some features of the analytical procedure with co-immobilized HK/G-6-PDH on Technicon SMAC have been already reported (18) . In this communication,
we report the use of similar bound-enzyme tubes for glucose assay with the SMA, and present data that shed light on the mechanism of the reactions catalyzed by the immobilized enzymes. The results reveal some of the novel problems encountered in optimizing the operating conditions for such bound-enzyme coils. per liter, 1 g of benzoic acid and 60 g of bovine serum albumin, to obtain the desired glucose concentration. The working solutions are stable for one week at 4-8 #{176}C. They were used to monitor linearity during development work on the methods. 
Materials and Methods

Reagents and Standards
Results and Discussion
Optimizationof the Analytical Systems
In developing a glucose assay method with bound-enzyme tubes to the specifications of existing SMA and SMAC systems, we considered analytical sensitivity, sample interaction (19, 20) , linearity, and the useful life of the enzyme coil. The dimensions of the tube and the particular process used to manufacture the enzyme coil significantly affect these performance variables. The diameter of the lumen of the enzyme tubes must be very similar to that of the other tubing Fig. 2 . Flow sheet of the cartridge with HK/G-6-PDH coil for glucose assay with the SMAC used in the two analyzers, to avoid break-up of the air bubbles and to maintain adequate segment length and linear flow velocity. Therefore, enzyme coils having an inner diameter of about 1.0 and 1.6 mm are used on the SMAC and the SMA 12/60, respectively. tube. Similar effects were observed with the present tubes. Longer lengths than 30 cm showed poor wash characteristics in both analyzers. Recall that the rate of analysis, the hydraulic conditions, and the permissible range of the flow rate are fixed on these two analyzers. Therefore, the conditions for the new glucose assay had to be optimized by adjusting the variables under our control within the operational constraints of the instruments. We paid particular attention to optimizing the reagent composition and to the effect of temperature on coil performance.
Selection of Buffer
Glucose assays with HK and G-6-PDH in free solution are carried out by using tris(hydroxymethyl)methylamine.HC1
buffer (3), because both enzymes exhibit maximum activity at alkaline pH (21, 22) . With our immobilized enzymes, the reaction rate was also highest with this buffer at pH 8.5; immobilization evidently caused no shift in the pH-activity profile of these enzymes. Because previous findings (8) suggested that alkaline buffers may have a detrimental effect on the stability of immobilized enzymes, we investigated whether use of other buffers at a pH 7.0 would prolong the operational longevity of the coil. With 10 mmol/L phosphate buffer, pH 6.8, the tubes showed high activity, but the coil activity rapidly decreased with increasing buffer concentration ( Figure  3 ). In fact, 80% of the sensitivity was lost (with a concomitant loss of linearity) when the phosphate concentration was increased from 10 to 1000 mmol/L. This finding is in agreement with the observed strong inhibition of G-6-PDH by phosphate in free solution (21-23).
Coil activity with 100 mmol/L phosphate buffer was maximum at pH 6.0, as expected from the observed specific phosphate/G-6-PDH interactions. Deactivation of hexokinase P11-isoenzyme, which is usually present in commercial HK (22) , was not responsible for the loss of activity at low pH. Addition of malate and citrate, which are specific activators for this isoenzyme, to the working reagent prepared with phosphate buffer, p1-I 6.8, had no apparent effect on the activity of the HK/G-6-PDH coil. We have found that when 50 mmolfL PIPES buffer (pH 6.8) is used to prepare the working reagent, satisfactory sensitivity, linearity, reproducibility, and stability can be obtained. The effect of PIPES concentration on coil activity is also shown in 
Cofactor Requirements
In most previously reported methods for assaying glucose with HK and G-6-PDH, yeast G-6-PDH, which requires costly NADP as cofactor, was used (24) (25) (26) 
Effect of Temperature and Calibration
It is assumed for our enzyme coils that the substrate molecules diffusing from the liquid to the enzyme layer are immediately converted, so that the substrate concentration at the enzyme layer is essentially zero. Under such conditions, 
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At room temperature from 18 to 30 #{176}C. b The two enzymes are present in large excess on the tube wall (17) ; the exact amount is not known. a thermostated water bath. The absorbance was then measured for samples having different glucose concentrations, at bath temperatures ranging from 18 to 32 #{176}C. We found a 1.6% increase in the activity of the coil for each 1 #{176}C increase in temperature.
A similar rate increase with temperature (which is much smaller than that observed for the enzymes in free solution) was reported for other HK/G-6-PDH coils (27) . In another set of experiments, the coil assembly at ambient temperature was fitted with a thermistor in the cylindrical sheath. With a Bristol recorder, we continuously monitored the temperature of the coil and the ambient air temperature at the cartridge for 7 h, and determined that the time required for the coil to adjust itself to a change of 2 #{176}C ambient temperature was about 17 mm.
In the last set of experiments, we inserted the thermistor into the wall of the enzyme coil, in order to monitor temperature changes in the analytical stream. Samples were con- 
Study of Conversion
The efficiency with which our bound-enzyme coils converted D-glucose into glucose 6-phosphate, and the latter into D-glucono-*5-lactone 6-phosphate, was investigated for each individual reaction by using a simplified continuous-flow manifold without dialysis. The results of these experiments showed that in the absence of NAD under the above conditions, the appropriate bound-enzyme coil on the SMA and SMAC converted 82 and 92%, respectively, of the glucose presented to it. The higher conversion of glucose to glucose 6-phosphate by hexokinase in the SMAC coil is not unexpected for this diffusion-controlled reaction; the rate of radial mass transfer from the bulk solution to the enzymic wall is expected to be greater in the SMAC tube because it has a smaller inner diameter, and it is operated at higher flow velocity and air-segmentation rates than are SMA 12/60 coils. Of the glucose 6-phosphate in the feed, 64 and 69% was converted by immobilized G-6-PDH in the SMA and SMAC coils, respectively.
Comparison of the results shows that the coils have a lower G-6-PDH activity than HK activity when perfused with their respective substrate solutions individually.
When the coils are operated in the analytical mode, the substrate of the second reaction (glucose 6-phosphate), is formed in the vicinity of the immobilized G-6-PDH molecules, and a higher conversion efficiency would be expected. In order to investigate such "proximity effects" we did another set of experiments with a SMAC coil placed in the regular SMAC cartridge under usual operating conditions, but with continous feed of a 5 g/L D-glucose solution. After reaching steady state, the effluent was collected and analyzed for glucose and glucose 6-phosphate.
The results showed that 11% of the glucose in the feed remained unreacted, and 23% was present as glucose 6-phosphate in the effluent. Thus, under typical SMAC conditions, 66% of the glucose in the feed was ultimately converted into the lactone by the enzyme tube. Although this corresponds to a 74% conversion of the glucose 6-phosphate produced in the HK-catalyzed reaction, this is only slightly higher than the 69% conversion observed with glucose 6-phosphate in the feed.
This finding, plus the fact that 23% of glucose escapes in the bulk stream in the form of glucose 6-phosphate without being
converted by G-6-PDH, suggests that the actual reaction zone is confined to the surface of the enzymic layer. Consequently, the proximity of the two enzymes has only a slight effect on the overall rate of the dual-enzyme reaction at steady state. Nevertheless, it may be beneficial in reducing sample interaction under transient conditions in the usual analytical work.
In any case, under such conditions the effectiveness factor for the immobilized enzyme is quite low, i.e., the utilization of the enzymes is poor. Nevertheless, the fact that the immobilized enzymes remain active at the tube wall over an extended period of time, as shown in the next section, makes the use of enzyme coils not only convenient but economical as well, in comparison with enzyme reagents in free solution.
Stability of Immobilized Enzyme Coils
We used several methods to investigate the longevity of enzyme coils under operating conditions. In the accelerated testing procedure, 30-cm SMA coils were connected In this accelerated study at ambient temperature, 10 000 samples were assayed during four weeks, during which the activity of the coils actually increased somewhat, Despite significant fluctuations in enzyme activity, the linearity and accuracy of the method were unaffected.
Other results show that tube performance remains adequate even after the activity decreases to 60% of its initial value. In another series of tests, we continuously perfused 10 SMA coils from different lots for four weeks with the usual reagents and measured their activity with glucose standards daily.
Although we observed fluctuations in activity similar to those observed with the immobilized glucose oxidase coils, there was no deterioration in linearity in the glucose concentration range of 0-5 g/L, and analytical recovery values for the aqueous standards ranged from 99 to 100%. In-house evaluation was based on a specially designed computerized protocol (27) in order to obtain detailed information on the precision, percent recovery (accuracy), carryover and drift on the output of both SMA 12/60 and SMAC. Five samples containing equally spaced concentrations of D-glucose were prepared, with a human serum pool as the diluent. The samples were coded as low, medium-low, medium, mediumhigh, and high. The number of days for the interday precision component was ten. Tables 3 and 4 
Range and linearity.
The upper limit of the test concentration range for this method is 5 g/L; there is no significant deviation in linear response at glucose concentrations up to that limit. In these studies, on the average of, 300 and 590 freshly drawn human serum samples were assayed daily, with HK/G-6-PDH coils on both SMA and SMAC. The testing lasted for about six months, and several different lots of coils were evaluated. Whereas the results showed some fluctuation in the day-to-day activity of enzyme coils, the sensitivity of the assay procedure with the co-immobilized enzymes remained within acceptable limits over a period of six weeks for each coil.
Storage Stability
Enzyme coils were filled with a 3.2 mol/L solution of ammonium sulfate, pH 6.9, containing stabilizers (hydroxyammonium phosphate and others) and were incubated at 25 and 45 #{176}C and in the refrigerator at 2-4 #{176}C. Table 2 illustrates typical results obtained with one of these coils. As can be seen, the activity and linearity of the enzyme coil kept at room temperature remained constant during the six-week test period. However, with the coil incubated at 45 #{176}C, we observed an 8% decrease in activity, together with a slight deterioration of linearity, for 5 g/L of glucose. No coils stored at 2-4 #{176}C showed any loss in activity. The results of separate studies with 36 enzyme coils from different production lots demonstrated that on storage at 2-4 #{176}C, coil activity is unimpaired for at least 16 months.
Evaluation of the Analytical Data
To ensure that these new glucose methods meet the re- Correlation. More than 100 serum samples, about a week old and randomly selected from a hospital population, were assayed during 10 days at a rate of 10 samples per day. Each sample was assayed in duplicate, following a random sequence of analysis. Results by the immobilized-enzyme method were compared with those obtained by the manual Reference Method (5) in which HK and G-6-PDH are used in free solution, as well as with the SMAC glucose oxidase4 procedures. Table 6 summarizes the results. As shown, the agreement between results by the immobilized enzyme method described herein and by both the manual and the automated free enzyme procedures is excellent.
